Multiple sclerosis (MS) is a chronic, progressive disease of the central nervous system, believed to be caused by an autoimmune process, and resulting in demyelination and axonal loss in the brain, spinal cord, and optic nerves. MS affects approximately 400,000 individuals in the US alone and 2.5 million people worldwide. A decline in neurologic function, most notably in coordination, strength, tone, cognition, vision, sensation, and volitional control of bowel/bladder are hallmark characteristics of the disease, leading to reduced quality of life (QoL) and decreased participation in activities. Of primary concern to the MS population is impaired mobility, as it is the most visible disability and because of its profound impact on daily life.
investigated the immediate benefits of using electrical stimulation to produce ankle dorsiflexion during the swing phase of the gait cycle in hemiplegic patients. The investigators found an immediate, positive effect on walking performance once the device was turned on, commonly referred to as the orthotic effect. The orthotic benefit, or "on-off" effect of FES on gait, has been well-documented in the MS population. [3] [4] [5] [6] [7] [8] [9] 13, 14, 16, [20] [21] [22] [23] [24] More recently, the term training, or therapeutic, effect has been applied to changes in walking performance after regular, prolonged FES use when gait is evaluated without the device. 14 We will refer to this type of effect as training effect throughout this article. Ultimately, the training effect reflects an improvement in motor ability of the affected limb over time without the assistance of FES. Additionally, the total orthotic effect of FES (defined as the change in walking speed with FES at follow-up assessment compared with walking speed at baseline without FES 8 ) has been reported in pwMS. 8, 16, 24 One potential explanation for the training effect of FES is the promotion of neuroplasticity with repetitive daily stimulation, producing a cumulative effect over time. 23, 25 Evereart et al. 23 observed the effects of using FES for several months in both nonprogressive and progressive disorders of the central nervous system and found a significant increase in motor voluntary contraction and motor end plate potential. The large increase in electrophysiologic parameters observed suggests strengthening of the residual corticospinal pathways and activation of motor-related areas of the cortex, regardless of the neurologic condition. 23 However, evaluating the long-term training effects of FES (or any assistive device)
in the MS population is complicated by the progressive accumulation of disability over time compared with nonprogressive conditions such as stroke. 14 Therefore, data supporting the training effect of peroneal nerve stimulation has been mainly explored in the stroke population.
A review of the pertinent literature on the effects of FES for foot drop in individuals in MS was conducted. Evidence pertaining to the efficacy of FES on various outcome measures is presented in this review article and summarized in Tables 1, 2 , and 3. In a retrospective study of long-term FES use in various neurologic conditions, a significant orthotic benefit was seen in pwMS, as their fast walking speed increased by 16 % when measured at the third followup assessment at 4.5 months. 4 Another study showed that preferred walking speed increased by 14 % with FES. 20 Contrasting with the conditions. Both groups showed improved gait speed when the device was "On" versus "Off," lending support to the benefits of FES on walking.
Functional Electrical Stimulation on Gait Effects Gait Speed
In the progressive group, which consisted of primarily MS patients, the magnitude of increase in walking speed was 2.3 % at baseline, and 5.7 % 3 months after using the device. Additionally, a head-to-head trial comparing two FES systems in pwMS demonstrated an orthotic benefit on walking speed for both devices, compared with nonstimulated conditions, which remains consistent with previous studies. 7 More recently, a 2-week observational study showed that the application of FES led to both a statistically and clinically significant improvement in T25FW at baseline and post-intervention. 16 The orthotic effect was manifested in an 18.3 % improvement in performance, both at baseline and after 2 weeks of FES use, suggesting that the orthotic benefits of FES can occur prior to habituation.
The training effect of FES on walking speed has also been documented in pwMS, although not as robust as in other populations such as stroke. 8, 14, 23 A 12-week study showed a total orthotic effect of FES (difference in walking speed with FES at 12 weeks and without FES at baseline) on walking performance with improvement of 12.1 % and 9.8 % on the 10mWT and 2MWT, respectively. 8 Stein et al. 14 walking tests between studies is the lack of consistency in the time over which the walking distance is being assessed. Barrett et al. 22 found that the 6-minute walk test (6MWT) proved to be challenging for MS patients due to fatigue. They reduced the time to 3 minutes, but acknowledged that the validity and reliability of the 3-minute walk test were not established. 22 Recently, Scott et al. 5 reported no benefit even on the 6MWT with acute application of FES in 12 pwMS who had no prior exposure to FES. Compared with prior research, the participants in this study were not habitual users of FES, postulating that an extended period of FES use might be needed to observe a clinically significant difference in mobility. 5 Overall, a majority of the studies observing the effects on walking performance have reported orthotic effects, [4] [5] [6] [7] [8] [9] 13, 14, 16, 20, 22, 24 and in some cases a total orthotic benefit after weeks of FES device use 8, 24 with one study noticing this benefit only after 2 weeks. 16 Training effects have been consistently reproduced in nonprogressive neurologic conditions, such as stroke and spinal cord injury populations. This has not been the case in MS patients, and this difference has been attributed in part to the progressive course of MS. One publication, comparing stroke and MS patients, found that a training effect was present only in the stroke patient group. 14 However, in 9 pwMS (four with relapsing-remitting, four with primary progressive, and one with secondary progressive disease), a training effect was observed on walking performance tests, such as the 10mWT and 2MWT after device use for 12 weeks. 8 
Energetic Cost of Walking and Gait Efficiency
One objective parameter of gait efficiency that has been commonly studied with FES is the physiologic cost index (PCI), an indirect measure of the amount of effort required for walking, based on the premise that as skeletal muscles are activated, energy requirements increase and lead to an increase in oxygen uptake that is proportional to the increase in heart rate. 20 The PCI is calculated using the following formula: PCI= change in heart rate from resting to steady speed of walking (beats/minute)/walking speed (m/minute) and is expressed in beats/m. 4 A more direct parameter for measuring energetic cost is oxygen uptake, or percentage of oxygen expired, by means of a gas analysis system. In a retrospective study of 21 pwMS, an orthotic benefit was seen on PCI with a reduction of 24 %. 4 However, only 38 % of MS users achieved a significant carry-over effect defined as greater than 10 % decrease in PCI compared with their stroke counterparts. Subsequently, Paul et al. 20 also demonstrated a statistically significant reduction in the physiologic cost of walking (12 % reduction in PCI) in pwMS with FES use. However, at preferred walking speeds, no statistically significant difference between the pwMS and control subjects in oxygen uptake was found.
The authors concluded that pwMS were self-selecting their walking speed so that the oxygen requirement for walking was at optimal level. 20 Furthermore, they observed that pwMS had a less-efficient gait pattern compared with controls and demonstrated a significantly higher physiologic cost of walking at slower speeds.
Contrasting with these positive findings, Barrett et al., 22 when comparing FES use to an exercise intervention over 18 weeks, found no significant change in PCI with either intervention. Furthermore, no significant orthotic or training effect was demonstrated on energy expenditure measured by PCI. In a long-term evaluation of 31 participants with progressive neurologic disorders including MS, there were no immediate changes in PCI between FES "Off" versus FES "On" conditions at 3-month follow-up. 14 However, a significant decrease in PCI over time of -3.0%
with FES "Off" and -8.7% with FES "On" was observed. At 11 months, PCI results were less consistent and, in fact, the investigators noted that as gait speed tended to plateau and even decline with time, a corresponding increase in PCI was seen. 14 A comparison study of two FES systems found no significant difference between devices in energy cost of walking based on measurement of oxygen uptake. 7 However, an increase in oxygen uptake was demonstrated with both FES devices compared with unassisted conditions, which correlated with increased walking speed leading to higher energy requirements. In this study, the energy efficiency of walking was not assessed.
Gait Kinematics
Evidence of the positive effect of FES on gait kinematics has also been substantiated in several studies of pwMS. 3, 5, 8, 9 Specifically, the most commonly assessed kinematic parameters include peak pelvic obliquity during swing, peak contralateral hip abduction during stance, peak knee flex/hip flex during swing, ankle dorsiflexion at initial contact, and peak ankle internal rotation during swing. An immediate improvement, or orthotic benefit, in ankle dorsiflexion at the time of initial contact with FES has been consistently reported in pwMS. 3, 5, 8, 9 In a case series of five pwMS, comparing FES use to no device, three of the five subjects demonstrated enhanced dorsiflexion at initial contact, and two subjects exhibited significant improvement of knee flexion during swing phase. 3 The latter finding has been hypothesized to be a result of a flexion withdrawal reflex triggered by the stimulation, and similar observations have been subsequently reported by other investigators. 5, 9 A recent study on the acute application of FES in 12 MS patients demonstrated increased ankle dorsiflexion at initial contact, knee flexion at initial contact, and peak knee flexion during swing during gait analysis trials. 5 Improved walking performance was also noted with FES during completion of the 10mWT. However, no difference was seen between FES and no FES on the 6MWT. van der Linden et al. 9 also reported a similar orthotic effect on gait kinematics and walking speed. In 22 pwMS who were new FES users, FES resulted in improved walking speed and longer stride length as well as increased dorsiflexion at initial contact and increased knee flexion during swing, for a net result of increased foot clearance during the swing phase of the gait cycle. 9 In the same study, deviation from normal gait pattern was assessed by calculating the Gait Profile Score (derived from kinematics of the ankle, knee, hip, and pelvis), which demonstrated a trend toward more normal values during the FES-assisted gait trials.
Additionally, van der Linden et al. 8 investigated the training and total orthotic effect after 12 weeks of FES use in 9 pwMS. Large effect sizes were observed for ankle kinematics, and for perceived exertion during the 2MWT, suggesting a training effect, but these changes did not reach statistical significance. 8 
User Satisfaction and Perceived Benefits of Functional Electrical Stimulation
Patient satisfaction, and especially perceived improvements in gait performance, with electrical stimulation devices for the correction of drop foot have been reported in a number of studies. 8, 11, 13, 15, 16, 22 In several reports, FES was perceived by pwMS as an effective device to improve walking distance and reduce the risk for falls. 12, 13 Further, a reduction in the effort of walking and an increase in level of confidence during gait were reported by 18 MS patients who used FES. In a qualitative comparison study describing the experiences of pwMS using an AFO versus FES, both groups cited a reduction in fatigue, trips, and falls, improvement in gait, an increase in activity participation, greater confidence, less stress, and less mental effort. 15 FES users reported an increase in walking distance and physical activity, while the AFO group cited improved balance and stability. Common limitations to both devices were related to practical concerns affecting comfort and application such as the device being described as "cumbersome" and difficult to don, and restrictions in clothing choice and footwear. Psychological and social barriers, such as reluctance to rely on a device, and self-acceptance of the necessity of this type of mobility aide were also reported. Sheffler et al. 21 reported that participants who preferred FES over AFO cited increased active ROM, enhanced balance, and decreased spasticity as positive aspects of FES.
Implications for Clinical Practice
Preserving or enhancing walking and mobility is a priority for pwMS, The most obvious difference is that FES is an "active" device, promoting muscle contraction, while the AFO is a "passive" device, immobilizing the ankle/foot. Drawing from this distinction, one can hypothesize that FES has a beneficial trophic effect on muscles and other soft tissue, while the AFO may promote muscle atrophy and loss of active ROM.
FES may also be superior to the AFO when climbing stairs or walking on uneven terrain.
The benefits of AFOs in post-stroke patients have been extensively studied, showing improvement in spatiotemporal parameters such as gait velocity, gait kinematics, static balance, and physiologic expenditure. However, reports from AFO users cite drawbacks such as restriction in ankle/foot movement, rigidity, less natural gait pattern, increased discomfort, and cosmetic appearance. 10, 15, 16 In pwMS, the evidence to support the use of AFOs is limited. 10 Fifteen pwMS were observed performing the T25FW and certain portions of the mEFAP with an AFO versus no device. No statistical difference was seen in ambulation times and functional tasks of mobility.
Two large randomized controlled trials of FES for foot drop versus AFO in stroke survivors were published, and both concluded that the FES was noninferior to the AFO, in terms of walking/gait outcomes. 30, 31 However, these findings cannot be directly applied to pwMS, owing to marked pathophysiologic and clinical differences between these populations.
The studies from Bulley et al. 15 and Sheffler et al. 10 mentioned above shed some light on the qualitative differences between FES and AFO perceived by MS patients and warrant further investigation.
One concern is that the cost of FES devices is generally higher than that of an AFO and includes ongoing expenses for batteries and electrodes.
In addition, FES devices are generally not covered by health insurance for MS in the US. One study in the UK evaluated the long-term costeffectiveness of FES for foot drop in individuals with various neurologic conditions (including 39 MS patients). 24 The authors found that the Additionally, the relative merits of various FES systems have not been well studied. One of the main differences between systems is the use of a tilt sensor versus a heel switch. Everaert et al. 23 found that patients preferred the tilt sensor feature since it was already incorporated into the system and did not necessitate an external heel sensor. However, variability in the active flexion of the knee at the onset of swing phase could make a heel switch more effective. To address difficulties in correctly positioning the electrodes, one recent study examined the effects of an automated, self-optimizing, array-based FES stimulator for foot drop and was found to have a comparable effect on gait speed compared with setup by a clinician using the patient's own stimulator with two conventional electrodes. 33 However, challenges associated with electrode placement could also be a result of the daily variations in muscle tone experienced by those affected by upper motor neuron lesions. 11 One way to alleviate the electrode placement problem is to implant the electrodes. We are aware of two commercially available FES systems using an implanted Finally, foot drop is rarely the only gait disturbance observed in pwMS.
In particular, hip and knee flexor weakness are prevalent with MS, and are not directly addressed with peroneal nerve FES, although there are anecdotal reports of improved knee flexion, possibly through a reflex mechanism. 3 One manufacturer proposes to add a thigh cuff as an attempt to address the concern regarding proximal lower extremity weakness (Bioness L300 Plus ® system, Bioness Inc., Valencia, CA, US). However, this increases the cost of the device, and the potential gain in efficacy has not yet been demonstrated in clinical studies, to our knowledge. Additionally, the effects of stimulating the gluteal muscles on hip stability were recently investigated, and could be further explored as a means of addressing concomitant proximal muscle weakness.
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Conclusion
FES for foot drop is an option to consider in the array of interventions to improve walking in individuals with MS. As clinical experience with FES increases, and as the body of evidence to guide clinical decision-making grows, the criteria to determine the best candidates for FES will be better defined. In addition, ongoing technologic advances will hopefully improve the efficacy and user-friendliness of the devices. Technologies such as FES are not meant to replace other treatments for walking limitations, but rather to complement them in order to optimize functional outcomes. In our experience, it is essential to involve a physical therapist in the decisionmaking process, and in training the patient to use the device appropriately and to its maximum potential. n
